T he increasing number of chronic and complex wounds poses a growing medical challenge with a high socioeconomic impact. The vacuum-assisted closure device (V.A.C.; Kinetic Concepts, Inc., San Antonio, Texas) has become an established integral part of modern wound care and is used routinely throughout hospitals worldwide. 1, 2 This nonpharmacologic device consists of an open-pore foam polyurethane interface that is covered with a semiocclusive dressing and subjected to a suction force that is set most commonly around 125 mmHg. Since the clinical introduction of the vacuum-assisted closure device in 1993, there have not been any significant changes in the porous polyurethane interface material used by clinicians.
Several in vitro studies have attempted to determine the optimal suction values and waveforms in wound healing applications. 3, 4 Recently, we have shown that the open-pore polyurethane foam plays a crucial role in suction device-induced wound healing. 5 Our results demonstrate that the three-dimensional structure of the foam leads to profound wound bed deformation, with increased cell proliferation and tissue growth. Despite evidence indicating that foam geometry significantly impacts the wound healing response in suction devices, physicochemical parameters such as the pore size of the foam interface have not been studied. Previous studies with different biomaterials suggest that foam porosity is a critical parameter that can affect cellular activities (e.g., binding, migration, and proliferation), morphology, and depth of ingrowth into biomaterials. 6 -10 Using porous degradable collagen-glycosaminoglycan materials, O'Brien et al. and Yannas demonstrated that pore size is a critical parameter for inducing wound healing and skin regeneration. Their model revealed that pore sizes between 20 and 120 m were optimum. They hypothesized that the pores need to be large enough to allow cell migration but small enough to allow cell adhesion. 7, 8, 10 In vitro and in vivo studies have shown that forces are able to guide cell proliferation and differentiation. 11, 12 More recently, mechanical forces have been exploited to stimulate wound healing to promote fibroblast transformation into contractile myofibroblasts, cells that play a pivotal role in wound contraction. 13 We hypothesize that the porosity of polyurethane foam interfaces influences wound strain and wound tissue response. In this study, we used open-pore polyurethane foam interfaces with varying pore diameters under suction in experimental full-thickness wounds in diabetic mice.
MATERIALS AND METHODS

Wound Interface
A sterile open cell polyurethane foam varying in pore size was used as a suction-device interface. Three different polyurethane foams were provided by Kinetic Concepts, classified as small, medium, and large. The medium pore size foam is the one commonly used clinically (GranuFoam; Kinetic Concepts).
Measurement of Polyurethane Foam Physical Parameters
Micro-computed tomographic technology was used to image the full three-dimensional structure of the three different representative foams, and for visualization purposes we rendered 16-bit raw data sets with volume-rendering software (Amira 5.1; Visage Imaging, Inc., San Diego, Calif.). To characterize the distribution of pores, we fit a Gaussian distribution to the peak as average pore size and the sigma of the Gaussian as the standard deviation of the pore sizes. Polyurethane foam porosity was calculated by using custom algorithms in MATLAB (R2009; Mathworks, Natick, Mass.).
14 Scanning electron microscopy was used to calculate the median wall thickness of 10 samples per foam group (small, medium, and large pore size) under 200ϫ magnification. Tensile stress-strain measurements (n ϭ 10 per group) were obtained by clamping the foam specimen tensile testing device connected to a load cell and applying a distracting force to each foam. We calculated the ultimate tensile strength in newtons, the maximum tensile stress a material can sustain without breaking, by dividing the maximum load applied during the tensile test by the original cross-sectional area of the sample. We also measured the elongation at break, the strain on a sample at the breaking point.
Animals and Wound Model
A 1-cm 2 full-thickness wound was excised on the dorsa of 48 homozygous genetically diabetic 8-to 12-week-old, Lep/r-db/db male mice (strain C57BL/KsJ-Lepr db ) after the animals were anesthetized with 60 mg/kg pentobarbital (Nembutal; Lundbeck, Inc., Deerfield, Ill.) and disinfected with 70% alcohol under an approved animal protocol in an Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility. 5 For this study, we selected a well-established model of healing-impaired diabetic mice to mimic our target diabetic population that frequently presents with nonhealing wounds. 5 On day 2, one cohort of the animals (n ϭ 24) were euthanized and fixed in 10% neutral-buffered formalin solution, with the treatment device in place to evaluate actual wound surface deformations. The wound area, surrounding skin, and underlying tissue was excised en bloc with the dressing still in situ and kept in 70% alcohol at 4°C until paraffin embedment was performed. On day 7, the remaining animals (n ϭ 24) were euthanized and the wound area with its surrounding skin and underlying tissue was excised en bloc. Tissues were fixed in 10% neutral-buffered formalin solution for 24 hours and kept in 70% alcohol at 4°C until paraffin embedment was performed.
5
Study Groups
All wounds were covered with a semiocclusive polyurethane dressing frame (VAC drape; Kinetic Plastic and Reconstructive Surgery • March 2012 Concepts) covering a 0.5-cm DuoDERM dressing (DuoDERM, CGF; ConvaTec, a division of E. R. Squibb & Sons, L.L.C.) that surrounded the wound to protect the skin edges from secondary foam damage and prevent wound contraction. The control group's wounds were covered with only polyurethane dressing. In experimental groups, a 1.0-cm 3 polyurethane foam cube material of three different pore diameters was applied immediately after wounding: 0.7 mm (small pore size), 1.3 mm (medium pore size), and 3.1 mm (large pore size). The foam material was connected to a suction device (VAC Instill; Kinetic Concepts) and verified with a Beckman-Puritan G35261 suction gauge (Tyco Healthcare, Princeton, N.J.) at 125-mmHg continuous suction. Dressing changes were performed on days 2 and 4 as described previously.
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Analysis of Granulation Tissue Thickness on Day 7
Central wound cross-sections were stained according to routine hematoxylin and eosin protocols. Digital images of each wound were prepared using Adobe Photoshop CS Software (Adobe Systems, Inc., San Jose, Calif.), and granulation tissue area was analyzed with digital planimetry (ImageJ; National Institutes of Health, Bethesda, Md.) in photographs taken from the middle area of the wounds under 10ϫ magnification. Granulation tissue area in the occlusive dressing-treated group was considered 100 percent.
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Analysis of the Wound Bed Deformation
Central wound cross-sections with the foam material in situ were stained according to routine hematoxylin and eosin protocols. Digital images of each wound were prepared using Adobe Photoshop CS Software. Wound strain was analyzed with ImageJ in photographs taken from the middle area of the wounds under 10ϫ magnification. The wound bed deformation was calculated as a scalar quantity as change in deformed length over actual length of the wound.
Analysis of Density of ␣-Smooth Muscle Actin-Positive Myofibroblasts
For immunohistochemistry, wounded tissues harvested at day 7 after treatment were stained for ␣-smooth muscle actin. Paraffin-embedded wound sections were rehydrated and the ␣-smooth muscle actin (R&D Systems, Minneapolis, Minn., 0.06 g/ml in 1:3000 dilution) antibody was applied and incubated overnight at 4°C. Activation was performed with DAB Chromogen (Dako North America, Inc., Carpinteria, Calif.) and counterstained with hematoxylin (Poly Scientific, Bay Shore, N.Y.). The number of ␣-smooth muscle actin-positive myofibroblasts was counted per high-power field image using ImageJ software. The degree of density was quantified and averaged in three separate fields at 40ϫ magnification by two independent observers blinded to experimental treatment modes.
For immunofluorescence staining, slides with formalin-fixed paraffin-embedded tissues were deparaffinized, hydrated, and incubated with 10% goat serum in phosphate-buffered saline. The primary mouse monoclonal antibody ␣-smooth muscle actin (anti-␣-SM-1, immunoglobulin G2a monoclonal antibody, 0.06 g/ml in 1:3000 dilution) was applied on the tissues. The secondary antibody mouse immunoglobulin G2a-Alexa Fluor 488 (Invitrogen Corp., Carlsbad, Calif.) was incubated for 30 minutes. Once dried, 4=,6-diamidino-2-phenylindole (nuclear counterstain) solution was applied and slides were mounted. Stains were all run with appropriate positive and negative tissue controls and isotype-matched irrelevant controls to exclude nonspecific bindings (data not shown). Photographs of live images under 10ϫ, 40ϫ, and 60ϫ (with oil immersion) magnification were taken using fluorescence microscopy (MX51; Olympus Corp., Tokyo, Japan) with a mercury-vapor light source and CytoVision 3.7 software (Imaging Corp., San Jose, Calif.). Cells were visualized as follows: nuclei, rendered blue by 4=,6-diamidino-2-phenylindole counterstain; and ␣-smooth muscle actin stained cells, rendered green with the green-fluorescent Alexa Fluor 488. The myofibroblasts in three high-power field images at 40ϫ magnification were marked and counted using Adobe Photoshop CS Software.
Analysis of Blood Vessel Density and Cell Proliferation on Day 7
Immunohistochemistry with platelet endothelial cell adhesion molecule (PECAM)-1 and Ki67 was performed in paraffin-embedded sections, and quantitative analysis for PECAM-1 and Ki67 was performed as described previously.
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Analysis of Tissue Ingrowth
Representative photographs of the wound bed with the foam in situ on day 2 were captured using light microscopy (n ϭ 6 per group). The analysis was performed using ImageJ software. Positive tissue ingrowth was quantified by calculating the Volume 129, Number 3 • Foam Pore Size of Wound Healing Devices distance the granulation tissue grew into the foam. Six sections of the foam per group were taken, and the distance of ingrowth was measured. Two independent observers blinded to experimental treatment modes completed these analyses, and mean values of each measurement were taken for statistical analysis. Final calculations reflect the average of these measurements.
Wound Healing Kinetics
Digital photographs captured on days 2, 4, and 7 were compared with photographs taken on day 0 by two independent, blinded observers using planimetric methods using ImageJ software. Wound closure percentage was quantified by measuring raw surface area of the wound as a percentage of the original wound area, as shown previously.
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Statistical Analysis
Values are expressed as average Ϯ SD in the text and figures. Least significant difference tests were used for variance analysis to determine the significant differences between treatment modes. A value of p Ͻ 0.05 was considered significant.
RESULTS
Foam Material Analysis
Micro-computed tomographic analysis revealed that the foams were synthesized with interconnected pores with an average diameter of 0.7 Ϯ (Fig. 2) .
Tensile Stress-Strain Tests
Measurement of the ultimate tensile strength as a parameter of stiffness revealed that small pore size foam has a significant higher tensile strength in comparison with other foams (p Ͻ 0.05). The elongation at break was quantified as a percentage and is a parameter for elasticity. Small pore size foam showed a significantly higher elongation at break in comparison with medium and large pore size foam (p Ͻ 0.05).
Granulation Tissue
All polyurethane foam suction dressings caused a significant increase in granulation tissue formation on day 7 after wounding compared with occlusive dressing (p Ͻ 0.05). The thickest granulation tissue response was found after large pore size treatment, with a 4.9-fold increase in granulation tissue thickness compared with occlusive dressing and more than a 2-fold increase compared with medium pore size and small pore size treatments on day 7 (p Ͻ 0.05). Small and medium pore size treatments induced a 2-fold and 2.8-fold increase in granulation tissue formation compared with occlusive dressing (p Ͻ 0.05) (Fig. 3) .
Wound Bed Deformation
Wound bed strains behaved symmetric to the pore size of the polyurethane foam materials on day 2. Tissue strain was highest when wounds were subjected to the large pore size material (150 percent) under suction of 125 mmHg. Lower deformations were caused by medium pore size (60 percent), and minimal tissue strains resulted from small pore size application (18 percent). All pore size foams reached a significant wound bed deformation under 125-mmHg suction in comparison with the occlusive dressing (p Ͻ 0.05) (Fig. 4) .
Myofibroblasts in Wound Healing
The presence of ␣-smooth muscle actin-positive myofibroblasts in the granulation tissue was detected by immunohistochemistry and immunofluorescence staining on day 7 after treatment. All wounds treated with polyurethane foam interfaces showed an increased myofibroblast density, with 5.5-fold (Fig. 4) .
Angiogenesis
Endothelial cells were immunolocalized in the granulation tissue by PECAM-1 staining on day 7 after wounding. Angiogenesis was induced only in small pore size and medium pore size groups, with a 1.3-fold (20 blood vessels per high-power field) and 2-fold (31 blood vessels per high-power field) increase in blood vessel density compared with controls (occlusive dressing, p Ͻ 0.05). Large pore size foam-treated wounds showed a lower number of blood vessels (13 blood vessels per high-power field) compared with occlusive dressing-treated wounds (15 blood vessels per high-power field, p Ͻ 0.05) (Fig. 5) .
Cell Proliferation
All polyurethane foam interfaces under suction stimulated granulation tissue growth com- Plastic and Reconstructive Surgery • March 2012 pared with occlusive dressing-treated wounds (p Ͻ 0.05) on day 7. The proliferation rate was up-regulated 3.3-fold in the small pore sizetreated wounds, 3.6-fold in the medium pore sizetreated wounds, and 2.6-fold in the large pore size-treated wounds compared with controls (occlusive dressing). Small and medium pore size-treated wounds showed a greater number of proliferating cells compared with large pore sizetreated wounds (p Ͻ 0.05) (Fig. 5) .
Tissue Ingrowth
The tissue ingrowth into the polyurethane foam interface was 3.7-fold and 5.6-fold higher when medium pore size and large pore size interfaces were used, respectively, compared with wounds treated with small pore size foam (p Ͻ 0.05) on day 7 (data not shown).
Wound Healing Kinetics
Wounds of all groups became gradually smaller over time. No differences among groups were observed.
DISCUSSION
Since their introduction in 1993, suctionbased wound healing devices have been commonly used tools for treating complex tissue defects. In many cases, these devices are used for wound bed preparation for a skin graft or flap closure. Our interest in this investigation was focused on the granulation tissue formation response rather than wound healing kinetics. For this reason, we developed a splinting system to prevent the suction device from pulling the wound edges together. As such, we did not expect any changes in wound healing kinetics (area of the wound) over the 1 week of follow-up for this pro- Angiogenesis is shown on the x axis. The blood vessel density was significantly higher after small (Small-PS) and medium pore size (Medium-PS) in comparison with the occlusive dressing (OD) treatment (*p Ͻ 0.05), whereas a lower angiogenic effect was seen in large pore size (Large-PS)-treated wounds compared with controls (occlusive dressing, #p Ͻ 0.05). Cell proliferation is shown on the y axis. All polyurethane foam interfaces stimulated cell proliferation above the control group (occlusive dressing, *p Ͻ 0.05) (blue). Highest cell proliferation response was seen in small and medium pore size foam-treated wounds and was higher compared with the large pore size foam-treated group (#p Ͻ 0.05) (blue).
Volume 129, Number 3 • Foam Pore Size of Wound Healing Devices tocol. Furthermore, to capture small changes in wound healing kinetics over a 7-day period, we used a mouse model that has delayed wound healing kinetics. Although our results relate directly to diabetic wound healing, we believe these results are also likely applicable to many other medical conditions where delayed wound healing is involved. Future studies may incorporate additional wound healing models, such as traumatic or postirradiation wounds treated with suction devices.
To minimize the well-known differences in skin mechanical properties in mouse wound models, we used the described hydrocolloid frame 5 and note that the mechanical properties of the wound surface are in fact quite similar to those of humans. In our early studies of these devices in humans, we noted similar deformations when using foams of similar pore size. 16 Confirmation of these studies is planned when foams of different porosity are available for human use.
We found that larger pore sizes result in greater wound deformation, granulation tissue thickness, and induction of contractile myofibroblasts. Angiogenesis seems to be largely independent of pore size and confirms our previous work showing that the polyurethane foam itself induces angiogenesis. 5 There may be larger pore sizes that we have not yet tested that could induce excessive deformation, resulting in tissue distortion. Further optimization of the pore sizes should be considered for future studies.
In isolated in vitro conditions, 10 percent cell stretch corresponds to optimized cell differentiation and proliferation. 11 In complex tissue defects exposed to suction, it is possible that cells would sense the deformation induced by polyurethane foam interfaces. Because mechanical forces induce the transformation of noncontractile fibroblasts into contractile myofibroblasts, polyurethane foam interfaces may be responsible for the observed increase in expression of ␣-smooth muscle actin.
The increased density of myofibroblasts did not correlate with increased levels of wound contraction in this study. It is possible that on day 7 the process of wound contraction is stimulated at the molecular and cellular levels but still not at the tissue level mainly because of extracellular matrix immaturity in the context of a splinted wound. Interestingly, we found that the extent of wound deformation correlated with the amount of granulation tissue on day 7 and tissue ingrowth into the foam material, whereas the proliferation rate was lower at this time point for the large pore sizes. This may be because higher levels of wound deformation induced a cell proliferation curve that peaked earlier and then regressed over time. Because we had such a large amount of tissue ingrowth with the large pore size, these foams may prove most useful in nonproliferating wounds. In contrast, the smaller pore size foams may be most useful in highly proliferating wounds (e.g., pediatric), where ingrowth of the foam into the tissue would be disadvantageous.
The pore size influences other physical properties, such as strut thickness, elasticity, and stiffness of the polyurethane foam struts. Together, these parameters influence the way the foam collapses under vacuum and therefore the net material-wound contact surface. We found that the small pore size polyurethane foam is more resistant to deformation and material breakdown in comparison with the other foams. Further investigations with regard to these parameters would be useful to better understand the correlation of physical properties of interfaces in suction-based devices and tissue response.
We conclude that the porosity of polyurethane foam interfaces in suction devices plays a crucial role in wound healing. One of the main mechanisms of action of suction-based healing devices seems to be through mechanical deformation. Changing physical parameters of the interface of suction-based wound healing devices seems to be a promising tool with which to meet the needs of different biological events in various wound types in the clinical arena.
